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Breaking of Symmetry
Axon specification is a hallmark of neuron polariza-
tion. Although several models have been proposed,
few studies have provided clues about polarization
events in real time. Using time-lapse imaging, a recent
study described visualizing symmetry-breaking events
during this process.
Neurons are polarized cells with typically one axon and
multiple dendrites. The specification of the axon pre-
cedes that of dendrites. Therefore, the formation of
the axon is a manifestation of the breaking of symmetry
in a newborn postmitotic neuron. The last two decades
have seen significant progresses in the understanding
of the cellular and molecular mechanisms underlying
axon formation (recently reviewed by Arimura and Kai-
buchi, 2005; Wiggin et al., 2005).
Several models have been proposed on how the sym-
metry is broken. One model states that a positive feed-
back loop can augment the stochastic enrichment of
molecules promoting axonal growth at the growth
cone of one neurite (Craig and Banker, 1994; Shi et al.,
2003). Another model states that the position of the cen-
trosome in postmitotic neurons determines where the
axon grows out from the soma (de Anda et al., 2005).
To scrutinize these models, it is important to identify
the cellular events taking place during the breaking of
the symmetry and before the fast growth of the axon.
Such events can be best captured by time-lapse studies
with appropriate markers that appear early enough to
detect the establishment of neuronal polarity.
In a recent issue of Neuron, Jacobson et al. (2006)
have provided one of the first glimpses of the events
in this period critical for axon specification. The cultured
hippocampal neuron, which is the most exploited sys-
tem in the field, develops from an unpolarized cell with
multiple, apparently similar, neurites (stage 2) into the
polarized form (stage 3) with one neurite extending
a long distance (the future axon) while the other neurites
stay short and become dendrites. Jacobson and col-
leagues found that a constitutively active plus-end mo-
tor protein KIF5C (KIF5C560), which belongs to the Kine-
sin-1 superfamily, concentrates in only one or two
growth cones at a time in stage 2 neurons. This is one
of the earliest known molecular differences between
seemingly equivalent neurites at stage 2. One might ex-
pect the neurite(s) with enriched KIF5C560 to develop
into future axon. Surprisingly, the accumulation of
KIF5C560 is rather dynamic. It constantly disappears
and reappears among the neurites. The concentration
of KIF5C560 in one neurite is not a secondary effect of
the growth of this neurite, since KIF5C560 equally accu-
mulates in neurites undergoing retraction and exten-
sion. These findings imply that, before the specification
of the axon, there are already differences among neu-rites in stage 2 neurons. Moreover, such differences
are transient.
The observation of the transient concentration of
KIF5C560 in one neurite also calls for caution in interpret-
ing results from fixed samples: polarized distribution of
a signal in one neurite in stage 2 neurons does not nec-
essarily predict this is the axon.
Although both demonstrated that differences be-
tween neurites exist before the axon emerges, there is
an interesting difference between Jacobson and col-
leagues’ study and de Anda and colleagues’ study (de
Anda et al., 2005). Jacobson and colleagues’ finding
suggests that, even though the neurites were different,
such difference is dynamic and there maybe a ‘‘sin-
gling-out stage’’ at which none of the neurites is speci-
fied yet. In contrast, de Anda et al. found that the point
from which the fast-growing neurite (most likely the fu-
ture axon) emerges is already determined during the
last mitotic division, although other neurites have the
potential to become the axon, for example if the original
axon is severed. Notably, the hippocampal culture in de
Anda and colleagues’ study is from embryonic day 16
(E16) rats, when most of the neurons just begin to
send out neurites, whereas those used in Jacobson
and colleagues’ study are from E18 rats, when many
of the neurons are already polarized. Whether this ac-
counts for the differences in the results, which suggest
different mechanisms of axon specification, remains to
be determined. One possibility is that with E18 rat hip-
pocampus, the already polarized neurons may lose their
neurites during dissociation and respecify their axons in
culture. It will be interesting to find out whether the neu-
rite that eventually becomes the axon in culture, al-
though indistinguishable from others at stage 2, is the
same one that is specified before dissociation. It will
also be interesting to find out whether KIF5C560 behaves
similarly in neurons from E16 hippocampi.
The observations that KIF5C560 can accumulate in
single neurites at stage 2 without transforming them
into axons, and that the neurite that eventually be-
comes the axon is not necessarily the one that tends
to accumulate KIF5C560, suggest that KIF5C is not the
initial determinant of neuronal polarity. Nevertheless,
Jacobson et al. found that its stable accumulation pre-
cedes the fast outgrowth of the nascent axon. Under
their culture conditions, a neurite has a high probability
of becoming the axon after it becomes >15 mm longer
than any other neurite. KIF5C560 became stably associ-
ated with the nascent axon at or before the time that
neurite exceeded the 15 mm length threshold. This cor-
relation raises the question of whether KIF5C, as an ef-
ficient molecular motor, can play roles in executing the
polarity signals.
Bradke and Dotti (1997) suggest that polarized mem-
brane flow precedes axon formation. Thus it is conceiv-
able that once a motor with high processivity, such as
Kinesin-1, is stably localized in a neurite, it leads to
a more efficient transport of membranes and membrane
proteins to the growth cone in the presumptive axon
than in other neurites.
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port signaling molecules such as GSK3b, Rap1B, and
CRMP2 to the axonal growth cone and then promote
the specification of axons. Two lines of evidences sup-
port this idea. First, CRMP-2 mediates the transport
of some actin cytoskeleton regulators by Kinesin-1
(Kawano et al., 2005). Second, Par3 interacts with a Ki-
nesin-2 family member, KIF3A (Nishimura et al., 2004),
an interaction that is important for axon formation.
In summary, time-lapse imaging with live markers is
an important approach to dissect the molecular and cel-
lular mechanisms of axon specification. Even though
the functional significance of the dynamic variation of
KIF5C levels among stage 2 neurites (e.g., as a manifes-
tation of the competition among equivalent neurites to
become an axon) remains unclear, nevertheless, Jacob-
son and colleagues’ study revealed that there are fasci-
nating and not yet understood processes going on dur-
ing axon specification. Future studies should address
the nature of the biochemical differences between neu-
rites of unpolarized stage 2 neurons and why KIF5C pre-
fers one or two neurites in stage 2 and the presumptive
axon in stage 3 neurons.Developmental Cell 10, April, 2006 ª2006 Elsevier Inc. DOI 10.1016/
Turning off Smads:
Identification of a
Smad Phosphatase
Although the activation of Smad signaling pathways
downstream of TGF-b superfamily ligands by recep-
tor-mediated Smad phosphorylation is well under-
stood, nothing is known about Smad phosphatases
that turn off Smad activity. Recently in Genes & Devel-
opment, Chen et al. (2006) describe pyruvate dehydro-
genase phosphatase as a Smad1 phosphatase that
functions in Drosophila in the Decapentaplegic path-
way and in mammalian cells in the BMP pathway.
Signals from transforming growth factor b (TGF-b)
family members are transduced from receptors at the
plasma membrane to the nucleus by members of the
Smad family. Broadly speaking, the receptor-regulated
Smads (R-Smads), Smads 2 and 3, function down-
stream of the TGF-b/Nodal/Activin ligands, while Smads
1, 5, and 8 are downstream of members of the bone
morphogenetic protein (BMP) and growth and differen-
tiation factor (GDF) subfamilies of ligands (Massague´
et al., 2005). Activation of cell surface receptors by li-
gands leads to phosphorylation of the R-Smads at
two serines in an SM/VS motif at their extreme C termini.
This phosphorylation allows the R-Smads to form both
homomeric and heteromeric complexes with Smad4Bing Ye1 and Yuh Nung Jan1
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that accumulate in the nucleus. There, they are directly
involved in transcriptional regulation of target genes in
cooperation with other transcription factors.
The initial view of the TGF-b superfamily pathways
was that they were linear and unidirectional, with Smad
phosphorylation causing translocation of Smad com-
plexes from the cytoplasm to the nucleus, where they
were degraded via a ubiquitin-regulated pathway (Lo
and Massague´, 1999). However, the first hint that Smads
were not only capable of being imported into the nucleus
but were also exported from it came from studies of
Smad4. Smad4 was demonstrated to be constantly
shuttling between the cytoplasm and nucleus in unstim-
ulated cells due to the presence of a nuclear import
signal and a nuclear export signal (Pierreux et al., 2000;
Watanabe et al., 2000). Smad1 was also shown to be ca-
pable of nucleocytoplasmic shuttling (Xiao et al., 2001).
Then in 2002, it was demonstrated that the TGF-b-regu-
lated R-Smads, Smad2 and Smad3, constantly shuttle
between the nucleus and the cytoplasm both in unin-
duced cells (Xu et al., 2002) and during TGF-b signaling,
where Smad nucleocytoplasmic shuttling was proposed
to function as a mechanism whereby the Smads moni-
tored receptor activity (Inman et al., 2002). Most impor-
tantly, nucleocytoplasmic Smad shuttling in the pres-
ence of a TGF-b signal appears to require cycles of
Smad phosphorylation and dephosphorylation. When
TGF-b receptor kinase activity is blocked in TGF-b-stim-
ulated cells, Smad2 becomes rapidly dephosphory-
lated, and Smad2 and Smad4 both redistribute from
